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Kinases are among the most intensively pursued enzyme
superfamilies as targets for anti-cancer drugs. Large data
sets on inhibitor potency and selectivity for more than 400
human kinases became available recently, offering the
opportunity to design rationally novel kinase-based anti-
cancer therapies. However, the expression levels and ac-
tivities of kinases are highly heterogeneous among differ-
ent types of cancer and even among different stages of
the same cancer. The lack of effective strategy for profil-
ing the global kinome hampers the development of ki-
nase-targeted cancer chemotherapy. Here, we intro-
duced a novel global kinome profiling method, based on
our recently developed isotope-coded ATP-affinity probe
and a targeted proteomic method using multiple-reaction
monitoring (MRM), for assessing simultaneously the ex-
pression of more than 300 kinases in human cells and
tissues. This MRM-based assay displayed much better
sensitivity, reproducibility, and accuracy than the discov-
ery-based shotgun proteomic method. Approximately 250
kinases could be routinely detected in the lysate of a
single cell line. Additionally, the incorporation of iRT into
MRM kinome library rendered our MRM kinome assay
easily transferrable across different instrument platforms
and laboratories. We further employed this approach for
profiling kinase expression in two melanoma cell lines,
which revealed substantial kinome reprogramming during
cancer progression and demonstrated an excellent cor-
relation between the anti-proliferative effects of kinase
inhibitors and the expression levels of their target ki-
nases. Therefore, this facile and accurate kinome profiling
assay, together with the kinome-inhibitor interaction map,
could provide invaluable knowledge to predict the effec-
tiveness of kinase inhibitor drugs and offer the opportu-
nity for individualized cancer chemotherapy. Molecular
& Cellular Proteomics 13: 10.1074/mcp.M113.036905,
1065-1075, 2014.
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Protein phosphorylation, one of the most important types of
post-translational modifications (PTMs)’, is catalyzed by pro-
tein kinases (collectively referred to as the kinome), which are
encoded by over 500 genes in higher eukaryotes (1). Aberrant
expression and/or activation/deactivation of kinases have
been implicated as among the major mechanisms through
which cancer cells escape normal physiological constraints of
cell growth and survival (2). Additionally, dynamic kinome
reprogramming has been found to be closely associated with
resistance toward cancer chemotherapy (3). Owing to their
crucial roles in cancer development, kinases have become
one of the most intensively pursued enzyme superfamilies as
drug targets for cancer chemotherapy and more than 130
distinct kinase inhibitors have been developed for phase 1-3
clinical trials (4). Recently, inhibitor potency and selectivity for
more than 400 kinases have been reported, which provided a
comprehensive target-inhibition profile for the majority of the
human kinome (5-7). Therefore, the kinome-inhibitor interac-
tion networks coupled with comprehensive profiling of global
kinome expression and activity associated with certain types
of cancer could be invaluable for understanding the mecha-
nisms of carcinogenesis and for designing rationally novel
kinase-directed anti-cancer chemotherapies.

Unfortunately, currently there is no optimal strategy for
profiling the expression levels of the entire kinome at the
protein level. Traditional methods for measuring kinase ex-
pression rely primarily on antibody-based immunoassays
because of their high specificity and sensitivity (8). The immu-
noassays, however, are limited by the availability of high-
quality antibodies; therefore, these methods are only useful
for assessing a small number of kinases in low-throughput.
Recent advances in MS instrumentation and bioinformatic
tools enable the identification and quantification of a signifi-
cant portion of the human proteome from complex samples
(9). However, proteomic studies of global kinome by MS are
still very challenging, which is largely attributed to the fact
that, similar as other regulatory enzymes, protein kinases are
generally expressed at low levels in cells (10). This analytical
challenge is further aggravated in shotgun proteomics ap-

" The abbreviations used are: PTM, post-translational modifica-
tions; MRM, multiple reation monitoring; RT, retention time; iRT,
normalized retention time.
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proach where even more complex mixtures of peptides in-
stead of proteins from whole cell or tissue extracts are ana-
lyzed (11). Therefore, selective enrichment of protein kinases
from cellular extracts is essential for the comprehensive iden-
tification and quantification of the global kinome.

Affinity columns immobilized with kinase inhibitors have
been employed as capture ligands for the enrichment of ki-
nases, and ~200 protein kinases could be identified and
quantified by subsequent LC-MS/MS analyses (3, 10, 12).
Recently, we and others reported the application of biotin-
conjugated acyl nucleotide probes for the enrichment and
identification of kinases from complex protein mixtures (13-
17). This enrichment technique, in combination with multi-
dimensional LC-MS platform, facilitates the identification of
~200 protein kinases (15). Despite these advances, such
large-scale kinome studies are often performed in the data-
dependent acquisition (DDA) mode, where typically 10-20
most abundant ions found in MS are subsequently selected
for fragmentation in MS/MS to enable peptide identification
(18). Although this discovery-mode (or shotgun) proteomic
approach provides the potential to uncover novel protein
targets, sample complexity, together with inherent variation in
automated peak selection, results in compromised sensitivity
and reproducibility for protein quantification. As a result, only
partially overlapping sets of proteins can be identified even
from substantially similar samples (11). The inadequate sen-
sitivity and reproducibility of these kinome detection strate-
gies hamper their utility in biomarker discovery and clinical
studies.

Targeted proteomics technique, which relies on multiple-
reaction monitoring (MRM) on triple quadrupole mass spec-
trometers, has become increasingly used in quantitative pro-
teomics studies (19). In the MRM mode, mass filtering of both
the precursor and product ions is employed to provide high
specificity for the quantification of target proteins. Addition-
ally, this MRM-based targeted MS analysis permits rapid and
continuous monitoring of specific ions of interest, which en-
hances the sensitivity for peptide detection by up to 100-fold
relative to MS analysis in DDA-based discovery mode (20).
Therefore, the MRM-based targeted proteomic approach may
enable global kinome profiling with high specificity, sensitivity,
throughput, and reproducibility.

Here, we developed the first MRM-based platform to sup-
port the multiplexed, reproducible, and sensitive quantifica-
tion of ~300 protein kinases in the human kinome. Aside from
conventional MRM-based assay design, we selectively label
and enrich kinases from complex human proteome prior to
MRM analysis with the use of desthiobiotin-based isotope-
coded ATP-affinity probe (ICAP) (21) to attain high specificity
and sensitivity. We demonstrated that this MRM-based ki-
nome detection strategy coupled with ICAP reagent is appli-
cable for clinical samples that are not amenable to metabolic
labeling. Additionally, this MRM-based kinome assay is easily

transferable between instruments and laboratories, rendering
it a facile and universal strategy for global kinome detection.

MATERIALS AND METHODS

Kinase Labeling with Nucleotide Affinity Probe Followed by Affinity
Purification—Protein lysates were generated from cultured cells or
tissue samples using previously described procedures (see supple-
mentary Materials) (21). HeLa-S3 cells were purchased from the Na-
tional Cell Culture Center (Minneapolis, MN), and IMR-90, K562,
WM-115, and WM-266-4 cells were obtained from ATCC (Manassas,
VA). Human lung tumor and paired adjacent normal tissues were
purchased from National Disease Research Interchange (NDRI, Phil-
adelphia, PA).

The desthiobiotin-conjugated nucleotide affinity probes were pre-
pared previously (15, 21). Approximately 1 mg cell lysate was treated
separately with light and heavy labeled desthiobiotin-ATP affinity
probes at a final concentration of 100 uMm. Labeling reactions were
carried out with gentle shaking at room temperature for 1.5 h. After
the reaction, the remaining probes in the cell lysates were removed by
buffer exchange with 25 mm NH,HCO; (pH 8.5) using Amicon Ultra-4
filters (10,000 NMWL, Millipore).

After addition of 8 M urea for protein denaturation, and dithiothreitol
and iodoacetamide for cysteine reduction and alkylation, the labeled
proteins were digested with modified sequencing-grade trypsin
(Roche Applied Science) at an enzyme/substrate ratio of 1:100 in 25
mmM NH,HCO; (pH 8.5) at 37 °C for overnight. The peptide mixture
was subsequently dried in a Speed-vac and redissolved in 1 ml PBS
buffer (100 mm potassium phosphate and 0.15 m NaCl, pH 7.5), to
which solution was subsequently added 200 ul avidin-agarose resin
(Sigma-Aldrich). The mixture was then incubated at 25 °C for 1 h with
gentle shaking. The agarose resin was washed sequentially with 3 ml
PBS buffer and 3 ml H,O to remove unbound peptides, and the
desthiobiotin-conjugated peptides were subsequently eluted with 1%
TFA in CH;CN/H,O (7:3, v/v) at 65 °C. Enriched peptides were first
analyzed on an LTQ-Orbitrap Velos mass spectrometer for discovery-
mode proteomic analysis (see supplementary Materials).

LC-MRM Analysis—All LC-MRM experiments were carried out on a
TSQ Vantage triple quadrupole mass spectrometer equipped with a
nanoelectrospray ionization source coupled to an Accela HPLC with
customized split-flow configuration or an EASY-nLC Il system
(Thermo Scientific). Samples were automatically loaded onto a 4-cm
trapping column (150 um i.d.) packed with 5 um 120 A reversed-
phase C18 material (ReproSil-Pur 120 C18-AQ, Dr. Maisch) at 3
wl/min. The trapping column was coupled to a 20-cm fused silica
analytical column (PicoTip Emitter, New Objective, 75 um i.d.) with 3
um C18 beads (ReproSil-Pur 120 C18-AQ, Dr. Maisch). The peptides
were then separated with a 130-min linear gradient of 2-35% aceto-
nitrile in 0.1% formic acid and at a flow rate of 250 nL/min. The spray
voltage was 1.9 kV. Q1 and Q3 resolutions were 0.7 Da and the cycle
time was 4-5 s depending on the maximum number of transitions per
cycle.

To enable automated, multiplexed MRM analyses, we first gener-
ated an interactive Skyline spectral library file containing tandem
mass spectra of all desthiobiotin-conjugated kinase peptides along
with their normalized retention time score (iRT) (22), which were
acquired from discovery mode analysis on an LTQ Orbitrap Velos
mass spectrometer, using Skyline (version 1.4.0.4421, see Supple-
mentary Materials) (23). Collision energies were calculated using a
linear equation that was specific to the TSQ Vantage instrument
according to the Skyline default setting. BSA standard mixtures were
analyzed in unscheduled MRM-mode prior to the analysis of the
enriched desthiobiotin-conjugated peptides. The linear predictor of
empirical RT from iRT for targeted kinase peptides was then deter-
mined by the linear regression of RTs of BSA standard peptides
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obtained for the current chromatography setup. This linear predictor
was rechecked between every four MRM sample analyses by inject-
ing another BSA standard mixture. In identification experiment, four
transitions were monitored for each light desthiobiotin-labeled pep-
tide, whereas three pairs of transitions were monitored for each
light/heavy desthiobiotin-labeled peptide pair in quantification exper-
iments. These targeted transitions were monitored in four separate
injections for each sample in scheduled MRM mode with a retention
time window of 10 min.

All raw files were processed using Skyline (version 1.4.0.4421) for
generation of extracted ion chromatograms and peak integration. The
targeted peptides were first manually checked to ensure the overlaid
chromatographic profiles of multiple fragment ions derived from light
and heavy forms of the same peptide. The data were then processed
to ensure that the distribution of the relative intensities of multiple
transitions associated with the same precursor ion correlates with the
theoretical distribution from kinome MS/MS spectral library entry.
Finally, the remaining transitions from both forward and reverse ICAP
labeling experiments were exported and filtered using AuDIT algo-
rithm (24), where t test was performed to evaluate whether the relative
product ion intensities of the light-labeled peptides to the heavy
labeled peptides are similar. The significant difference (p value <0.1)
of the relative product ion intensities indicates the presence of inter-
ference or imprecision of the corresponding transition and these
transitions were therefore discarded (24). The sum of peak area from
all transitions of light- or heavy-labeled peptides was used for
quantification.

Other experimental details including Western blot and MTT cell
proliferation assay are described in supplementary Materials.

RESULTS

1. Global Kinome Profiling Based on Isotope-Coded ATP-
Affinity Probe (ICAP) and MRM—The MRM-based kinome
assay is built upon our previously described ICAP-based
strategy for the simultaneous enrichment and isotopic label-
ing of ATP-binding proteins in cell lysates (21). The ICAP
reagent harbors three components (Fig. 1A), namely, a bind-
ing moiety (ATP), an isotope-coded linker present in light
(contains six hydrogens) or heavy form (contains six deuter-
ons), and an enrichment moiety (i.e., desthiobiotin), where the
former two are conjugated through an acyl phosphate linkage.
Upon binding to kinases, the acyl-phosphate component of
the ICAP reacts with the g-amino group of the P-loop lysine
residue in kinases to yield a stable amide bond, which results
in the covalent attachment of desthiobiotin together with light
or heavy isotope-coded linker to the lysine residue (supple-
mentary Fig. S1). Therefore, the ICAP labeling of a kinase
relies on its expression level and ATP binding affinity, which
renders the method useful for profiling the expression and
ATP-binding affinities of kinases at the global proteome scale.

The general experimental procedures for the MRM-based
kinome assay with the use of ICAP encompass the following
steps (Fig. 1B): (1) Kinases from protein samples representing
two experimental states are labeled individually with the iso-
topically light and heavy forms of the ATP affinity probe; (2)
The two protein samples are combined and digested with
trypsin, and the resultant light/heavy desthiobiotin-labeled
peptide pairs are enriched with avidin agarose; (3) The affinity-
purified peptides with the desthiobiotin tag are analyzed by
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Fic. 1. Global kinome profiling with the use of isotope-coded
ATP affinity probe (ICAP) and multiple-reaction monitoring
(MRM). A, The structure of the ICAP probe. B, A schematic diagram

showing the general workflow for MRM analysis of global kinome
using ICAP.

LC-MS/MS in DDA mode to generate tandem mass spectra of
interested kinase peptides, which allowed for the construction
of MRM kinome library; (4) Quantitative analysis of global
kinome was performed on a triple quadruple mass spectrom-
eter in MRM mode using the established MRM kinome library.

2. Development of an MRM Assay for Human Kinome Pro-
filing—The design of MRM-based kinome assay requires a
priori tandem mass spectral information for the interested
desthiobiotin-modified kinase peptides (20). The primary
sources for building the MRM library of human kinome were
large-scale discovery-based shotgun MS experiments con-
ducted in our laboratory. Human kinases from whole cell
lysates of K562, IMR-90, HelLa-S3, Jurkat-T, WM-115, and
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WM-266-4 cells were enriched using either light or heavy
labeled ICAP reagents and the resulting desthiobiotin-labeled
peptides were analyzed on an LTQ Orbitrap Velos mass spec-
trometer in DDA mode, which together included more than
100 LC-MS/MS runs. The tandem mass spectra of all des-
thiobiotin-modified peptides from human kinases together
with their retention time information were imported into Sky-
line to establish the primary kinome library. A maximum of five
peptides were used for each protein. Transitions were chosen
from the three or four most abundant y-ions based on refer-
ence spectra acquired from the shotgun approach.

Peptide Selection—Owing to its relatively high reactivity,
the ICAP probe may react with, aside from the lysine resi-
due(s) located at the ATP-binding site, other lysine residues in
kinases or other proteins through electrostatic interactions
(15, 21). The probe labeling emanating from such nonspecific
interactions does not reflect the ATP-binding affinities of the
kinases. Moreover, the probe-labeled peptides stemming
from the nonspecific interaction are generally less abundant
than those arising from specific nucleotide binding, which
may compromise the sensitivity for kinase quantification.
Thus, we reason that the quantification of kinome based on
the pre-selected representative peptides would generate
more reliable results than the quantification based on all the
peptides identified in the DDA mode. To improve the speci-
ficity of our MRM-based kinome assay, these targeted pep-
tides in our final kinome library were further divided into two
categories depending on the local amino acid sequences
surrounding the desthiobiotin-modified lysine. In the category
with the highest confidence (class I), target peptides represent
the confirmed ATP-binding sites on kinases and must satisfy
one of the following two criteria: (A) Peptides cover at least
one of the three ATP-binding motifs; discovered in our previ-
ous studies, i.e., HRDxKxxN, VAxK or GxxxxGK (15, 21); (B)
Peptides contain the ATP-binding sites discovered in our
previous ATP-affinity profiling assay even though they do not
reside in any of the conserved motif sequences (21). For
instance, although FLSGLELVK#QGAEAR (K# represents the
probe-labeled lysine), a peptide from TP53-regulating kinase,
does not belong to any of the aforementioned conserved
motifs, it displays strong ATP binding affinity in our previous
report (21). The class-Il peptides include those that were
identified at least five times in our shotgun proteomics exper-
iment. Although these peptides do not reside in any of the
conserved ATP binding sites and their involvement in ATP
binding remains undefined, their high frequencies of identifi-
cation in shotgun proteomic studies render these peptides
good candidates for determining the quantities of their corre-
sponding kinases. Our current MRM peptide list includes 386
peptides, with 265 and 121 being class-I and class-Il pep-
tides, respectively (supplementary Table S1).

Peptide Uniqueness—In our enrichment strategy for human
kinases using ICAP reagents, a large portion of protein ki-
nases were labeled on the reactive lysine close to the ATP-

binding sites, which share highly conserved sequence (1).
Therefore, some targeted peptides in the final MRM peptide
list may be assigned to multiple protein kinases. We manually
inspected the uniqueness of each targeted peptide using
Skyline (supplementary Table S1). Among the 386 peptides in
the library, 320 (83%) are unique and belong only to single
protein sequences, whereas the rest 66 (17%) can be as-
signed to multiple kinases. Accordingly, these 386 peptides
can be mapped to 313 human kinases and 242 (77 %) of these
kinases contained at least one unique targeted peptide to
unambiguously identify the targeted protein isoform. Unlike
the cross-activity of antibody-based immunoblots (25), the
advantage of this MRM kinome assay lies in its capability in
identifying unequivocally the potential cross-talk targets. Our
current MRM kinome library contains a total of 386 peptides
from 313 human kinases, including 292 protein kinases, 14
lipid kinases, and 7 metabolic kinases bearing GxxxxGK motif
(supplementary Table S1). Placement of these protein kinases
to the human kinome map (1) revealed that our kinome library
spreads over all major categories of the human kinome
(Fig. 2A).

Retention Time Calibration—Our kinome peptide list en-
compasses 386 peptides, which involves the monitoring of
more than 2000 MRM transitions in quantitative measure-
ments. To achieve this level of multiplexed detection, it is
essential to perform scheduled MRM analysis in which the
mass spectrometer is programmed to detect only a limited
number of peptides in pre-defined retention time windows.
Therefore, accurate retention time (RT) prediction for these
kinase peptides becomes essential for our multiplexed MRM-
based kinome assays. To this end, we calculated the iRT for
each peptide on our target list following a previously de-
scribed method (22). Based on previous retention time infor-
mation of targeted peptides analyzed on an LTQ Orbitrap
Velos coupled with EASY-nLC Il system, we used 10 BSA
peptides as standards to successfully convert empirically de-
termined retention times of 94% (362 out of 386) of targeted
peptides into normalized iRT scores, which reflect their con-
served elution order. As shown in Fig. 2B, peptides from
human kinases detected in one of our LC-MS/MS runs on the
Orbitrap system show linear correlation (R® > 0.999) between
the assigned iRT values and empirically measured RT values
following the Skyline MS1 filter workflow. As reported previ-
ously (22), we found that this iRT value is very stable, and the
iRT score and empirically measured RT exhibit a linear rela-
tionship across different LC configurations, including online
2D-LC and 1D-LC configurations with different column
lengths (supplementary Fig. S2). Moreover, because the iRT
value represents an inherent attribute of the hydrophobicity of
a peptide, it can also serve as another parameter for the
validation of the quantification results from MRM assay,
where any outliers deviated from the linear plot of iRT versus
measured RT could be attributed to false-positive detection.
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Based on the above MRM-based assay design, we set out
to test the sensitivity and reproducibility of this kinome detec-
tion assay using lysates of IMR-90 cells, where four transitions
were monitored for each of the 386 peptides on the target list.
This MRM-based kinome analysis led to the detection of 242
peptides from the kinase list corresponding to 227 human
kinases, which include 210 protein kinases covering all major
categories of the human kinome (supplementary Table S2).
This result demonstrates the superior sensitivity of the MRM-
based kinome assay. Moreover, we found that the linearity
between the iRT value and measured RT remains for each
peptide detected in this MRM assay, indicating that our MRM-
based kinome assay can be easily transferred among different
instrument configurations and laboratories (Fig. 2C).

3. Quantitative Profiling of the Global Kinomes of WM-115
and WM-266-4 Human Melanoma Cells—We next applied
the MRM-based kinome assay to assess the differential ex-
pression of kinases in a pair of human melanoma cell lines,
WM-115 and WM-266-4, which were initially derived from the
primary and metastatic melanoma sites of the same patient
(26). These two cell lines are particularly interesting because
dasatinib, a tyrosine kinase inhibitor, was found to inhibit the
growth and reduce the migration and invasion of WM-115, but
not WM-266-4 cells (27). However, conventional immunoblot
assay for a limited number of kinases did not reveal the target

kinase(s) conferring the distinct sensitivities of these two cell
lines (27). We reason that quantitative global kinome profiling
of these two cell lines may uncover the target kinases of
dasatinib in WM-115 cells. In addition, such a study may
provide important new knowledge about kinome reprogram-
ming during cancer progression. To this end, we employed
our ICAP probes, along with the aforementioned MRM-based
assay, and assessed the differential expression of kinases in
these two cell lines (Fig. 1). For comparison, we also injected
the same samples into the LTQ Orbitrap Velos instrument for
shotgun proteomics analysis (supplementary Table S3).

A total of 246 kinases in the library, including 228 protein
kinases, 14 lipid kinases, and 4 other metabolic kinases, were
quantified in MRM-based targeted kinome assay, whereas
only 136 protein kinases were quantified by shotgun proteom-
ics strategy even with multi-dimensional LC separation (Fig.
3A). In addition, 10 and 120 protein kinases were only quan-
tified in DDA-based discovery mode and MRM-based tar-
geted mode, respectively. Accordingly, from the total list of
386 kinase peptides, 242 were successfully quantified by the
MRM method, whereas only 168 were quantified from shot-
gun proteomics analysis (Fig. 3B). The much better kinome
coverage provided by the MRM assay than the shotgun pro-
teomic approach is attributed to the superior sensitivity of the
former method. In this vein, our ATP probe enriches kinases
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along with other ATP-binding proteins. Therefore, the precur-
sor ion intensities for the probe-labeled peptides from some
low-abundance kinases are likely to be too weak to trigger
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collisional activation, thereby preventing their identification
and quantification in the DDA-based shotgun proteomics ap-
proach. Monitoring constantly the target peptides in the MRM
mode, however, provided substantially improved sensitivity
that is needed for the quantification of kinases of low
abundance.

Aside from inferior sensitivity, inadequate reproducibility is
another major disadvantage for shotgun proteomics. Along
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(Fig. 4B), which revealed the up-regulation of the SLK kinase
in WM-266-4 cells. Additionally, distribution of the peak area
observed for each monitored transition from light- and heavy-
labeled peptides was consistent with the theoretical distribu-
tion derived from MS/MS spectra stored in MRM kinome
library, further validating the identity of this unique peptide. In
DDA-based shotgun proteomic analysis, we only identified
this peptide once in the reverse experiment, and the chromat-
ogram displays very poor signal-to-noise ratio, suggesting the
lack of reliability for the quantification of this peptide (supple-
mentary Fig. S3). Moreover, the consistent quantification re-
sults from both MRM and DDA analyses (Ratioygy = 0.50;
Ratioppa = 0.56) for another peptide DLK#AGNILFTLDGDIK
from the same kinase further substantiated our MRM quanti-
fication results for the peptide ETSVLAAAK#VIDTK. Likewise,
the MRM method offers more robust quantification for the
peptide FLEDDTSDPTYTSALGGK#IPIR from Ephrin type-B
receptor 2 than DDA mode (supplementary Fig. S4). Together,
the MRM-based targeted analysis offers better sensitivity,

reproducibility and accuracy than DDA-based shotgun pro-
teomics for kinome profiling.

By combining MRM and DDA analyses, we quantified a
total of 256 kinases in WM-115 and WM-266-4 cells (supple-
mentary Table S3). Kinases from all seven major kinome
groups as well as other and atypical kinases were covered in
our analysis. Although a large portion of the kinome is similar
in WM-115 and WM-266-4 cells, the two lines of melanoma
cells exhibit distinct kinome expression profiles (Fig. 5). A total
of 48 protein kinases display substantially different expression
profiles (Ry15/266_4 = 2 O Ry45/066_4 < 0.5); except for PDK1,
the rest 47 protein kinases show consistent expression ratios
in MRM-based kinome assay for samples obtained from for-
ward and reverse ICAP labeling experiments (supplementary
Fig. S5).

The tyrosine kinase group exhibits the most distinct expres-
sion profiles between these two melanoma cell lines and more
than 30% of tyrosine kinases show different expression levels
(supplementary Fig. S6). Moreover, significantly more kinases
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in AGC, STE, and tyrosine kinase groups were up-regulated in
WM-115 cells than those that were up-regulated in WM-
266-4 cells. For example, in the AGC group, GPRKS5,
MASTS3, PKCa, PKCB, PKCy, PDK1, and RSKL1 are up-
regulated in WM-115 cells, whereas only MSK1, MSK2, and
PKN1 are up-regulated in WM-266-4 cells. The distinct
kinome expression profiles between these two cell lines
suggest considerable kinome reprogramming during mela-
noma progression.

Among the differentially expressed tyrosine kinases, multi-
ple receptor tyrosine kinases in the Eph family are up-regu-
lated in WM-115 cells. For instance, EphA2, EphB2 and
EphB3 are expressed at much higher levels in WM-115 than
WM-266-4 cells (Fig. 6A). On the other hand, CMGC is the
only kinase group where significantly more members are
up-regulated in WM-266-4 than WM-115 cells. In this vein,
CDK1 and CDK2 are expressed at levels that are 4.5- and
3.6-fold higher in the former than latter cells (Fig. 6A). The
differential expression of EphA2 and CDK2 in these two cell
lines was also validated by Western analysis (Fig. 6B).

400 600 800 1000

Concentration (nM)

600 800 1000 200

The differential expression of the aforementioned kinases in
these two melanoma cell lines may confer different sensitivi-
ties of these two lines of cells toward the inhibitors for these
kinases. In this regard, dasatinib is a potent inhibitor for
EphA2, EphB3, EphB4, with dissociation constants (K_) be-
ing < 1 nv; dasatinib, however, is a relatively poor inhibitor
for those tyrosine kinases that are up-regulated in WM-
266-4 cells, which included FES (K, > 10 um) and FGFR1
(Ky > 3.7 um) (5). We assessed the relative sensitivities of
WM-115 and WM-266-4 cells toward dasatinib, and our
results revealed that WM-115 cells are markedly more sen-
sitive toward this tyrosine kinase inhibitor than WM-266-4
cells (Fig. 6C). This finding is reminiscent of a previous study
showing that dasatinib could inhibit the growth and reduce
the migration and invasion of WM-115 cells, but not WM-
266-4 cells (27).

We reason that the substantially higher levels of expression
of CDK1 and CDK?2 in the WM-266-4 than WM-115 cells may
render WM-266-4 cells more sensitive toward CDK inhibitors
than WM-115 cells. To test this, we examined whether fla-
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Fic. 7. MRM-based global kinome profiling revealed differential expression of kinases in lung tumor and adjacent normal lung tissue.
A, A heatmap showing the differential expression of kinases from tumor and adjacent normal lung tissue based on Ry mor/norma atio in two
forward and one reverse labeling reactions. Dark red and white boxes designate those kinases that are up-regulated in tumor tissue and normal
tissue, respectively, as indicated by the scale bar. B, Quantitative results by MRM assay for peptide DLK#PSNLLINTTCDLK from MAPK3
kinase: (Left and Middle) Extracted ion chromatograms for three transitions monitored for light-labeled (Red) and heavy-labeled (Blue) peptides
in both forward and reverse labeling reaction; (Right) the consistent distribution of the peak area observed for each monitored transition from
light- and heavy- labeled peptides in both forward and reverse labeling reaction along with the theoretical distribution derived from MS/MS

spectra stored in MRM kinome library.

vopiridol, which is the first cyclin-dependent kinase inhibitor in
human clinical trials and could potently inhibit CDKs 1, 2, and
4 (28), can preferentially inhibit the proliferation of WM-266-4
over WM-115 cells. It turned out that flavopiridol can effec-
tively inhibit the growth of WM-266-4 cells at nm concentra-
tion range and ~40% cell death was observed at 1 um (Fig.
6C). In contrast, no appreciable sensitivity toward flavopiridol
was observed for WM-115 cells, even at the highest concen-
tration tested (1 um, Fig. 6C). Together, our results demon-
strate that the anti-proliferative effects of kinase inhibitors are
correlated with the expression or ATP-binding affinity of their
targeted kinases.

4. Application of MRM-based Kinome Profiling for Human
Tissues—An advantage of the ICAP-based strategy lies in its
potential application for kinome profiling for any biological
samples, including clinical samples that are not amenable to
metabolic labeling (29). To exploit this, we employed our
MRM-based kinome assay to assess the differential kinase
expression between human lung tumor and adjacent normal
lung tissues from the same patient.

We successfully quantified 98 unique kinase peptides,
which represent 124 kinases on our list (supplementary Table
S4). In addition, results from our MRM kinome assay for
human tissue samples again exhibit excellent reproducibility
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among three independent labeling experiments. In this vein,
96 out of the 98 (98%) kinase peptides were quantified in all
three labeling experiments (supplementary Fig. S7), and most
quantified kinases exhibit consistent trends in all three exper-
iments (Fig. 7A). Additionally, most kinases display elevated
expression in lung tumor tissue than adjacent normal tissue
(Fig. 7A), which is a common phenomenon for tumor tissues
(3). For instance, a unique peptide from MAPKS (Erk1), i.e.,
DLK#PSNLLINTTCDLK, showed a higher level of expression
in lung tumor than adjacent normal lung tissue in all three
labeling experiments (Fig. 7B). Although this proof-of-concept
experiment for a single pair of human lung tissue samples
does not allow us to draw a general conclusion about the
implication of this and other aberrantly expressed kinases in
lung cancer, our results clearly demonstrate the potential of
our MRM kinome assay in quantitative study of tissue
samples.

It is of note that the number of kinases quantified for the
human tissue sample was much less than those for lysates of
cultured human cells. By analyzing the same tissue sample in
DDA mode on the LTQ Orbitrap Velos, we found that the
signal is dominated with highly abundant blood proteins, es-
pecially the different isoforms of human hemoglobin and al-
bumin. The compromised performance of ICAP reagents for
human tissue sample could be attributed to the inherent de-
sign of this probe. The ICAP reagents react with proteins that
can bind to ATP; as a result, the ICAP probes target not only
kinases, but also any other ATP-binding proteins. Unfortu-
nately, highly abundant proteins including albumin and hemo-
globin in human tissue and plasma also possess strong ATP-
binding affinity (30, 31). These proteins, therefore, compete
favorably with low-abundance kinases in almost every step of
the sample processing and analysis, such as probe binding
and conjugation, avidin enrichment and MS detection. Nev-
ertheless, we reason that depletion of highly abundant
proteins from tissue samples, as has been widely used for
improving the coverage of low-abundance proteins for bio-
marker discovery using human tissue or plasma samples (32),
should enable the profiling of much more kinases from tissue
lysates.

CONCLUSIONS

Kinases are among the most intensively pursued super-
families of enzymes as targets for anti-cancer drugs. Recently
large data sets on inhibitor potency and selectivity for more
than 400 human kinases became available (5-7), which pro-
vided the opportunity to design rationally novel kinase-di-
rected anti-cancer therapies. However, the kinase expression
and activity are highly heterogeneous among different types
of cancer and even among different stages of the same can-
cer, which point to the needs for global kinome expression
profile in the development of kinase-targeted cancer therapy.
Here, we introduced an MRM-based kinome profiling assay
for more than 300 human protein and lipid kinases by moni-

toring specifically targeted peptides located at the ATP-bind-
ing sites of the kinases. In particular, we demonstrated that ~
250 protein kinases (50% of the entire human kinome and
more than 80% of human kinome in a single cell line) could be
routinely quantified without extensive separation using multi-
dimensional chromatography. Our on-going discovery-based
analysis of kinases labeled using our ICAP reagents for dif-
ferent cell lines will further expand our kinome library. More-
over, our studies showed that the MRM-based kinome assay
exhibits superior sensitivity, reproducibility and accuracy over
discovery-based shotgun proteomics. Importantly, the incor-
poration of iRT into MRM kinome library renders our MRM
kinome assay easily transferrable across different chromato-
graphic systems and laboratories. This MRM-based approach
for kinome expression profiling of two melanoma cell lines
derived from the same patient revealed that the anti-prolifer-
ative effects of kinase inhibitor drugs are correlated with the
expression levels of their targeted kinases. Therefore, this
facile and accurate kinome profiling assay, together with the
kinome-inhibitor interaction map, may provide invaluable
knowledge to predict the effectiveness of kinase inhibitor
drugs and offer the opportunity for individualized therapy in
cancer treatment.

We also demonstrated that this MRM-based kinome assay
is applicable to clinical samples that are not amenable to
metabolic isotope labeling. We believe that the depletion of
highly abundant proteins from tissue samples prior to the
ICAP labeling will further improve kinome coverage for tissue
samples. It can be envisaged that our method could be used
for future global kinome profiling of human tumor biopsy
samples, which may guide the design of kinase-targeted,
individualized anti-cancer therapy (33, 34).
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